All eukaryotic organisms have mechanisms to adapt to changing metabolic conditions. The mammalian cell survival gene Bcl-x L enables cells to adapt to changes in cellular metabolism. To identify genes whose function can be substituted by Bcl-x L in a unicellular eukaryote, a genetic screen was performed using the yeast Saccharomyces cerevisiae. S. cerevisiae grows by anaerobic glycolysis when glucose is available, switching to oxidative phosphorylation when carbohydrate in the media becomes limiting (diauxic shift). Given that Bcl-x L appears to facilitate the switch from glycolytic to oxidative metabolism in mammalian cells, a library of yeast mutants was tested for the ability to efficiently undergo diauxic shift in the presence and absence of Bcl-x L . Several mutants were identified that have a defect in growth when switched from a fermentable to a nonfermentable carbon source that is corrected by the expression of Bcl-x L . These genes include the mitochondrial chaperonin TCM62, as well as previously uncharacterized genes. One of these uncharacterized genes, SVF1, promotes cell survival in mammalian cells in response to multiple apoptotic stimuli. The finding that TCM62 and the analogous human prohibitin gene also inhibit mammalian cell death following growth factor withdrawal implicates mitochondrial chaperones as regulators of apoptosis. Further characterization of the genes identified in this screen may enhance our understanding of Bcl-x L function in mammalian cells, and of cell survival pathways in general.
Multicellular organisms use complex mechanisms to regulate cell survival in an effort to maintain tissue homeostasis. When individual cells become damaged or fail to compete for limiting amounts of nutrients and survival factors in their environment, a common response is programmed cell death. Although much progress has been made toward identifying the molecules and signaling pathways that allow cells to respond appropriately to these environmental cues, understanding how specific proteins function biochemically to regulate these pathways remains controversial (1) .
The Bcl-2 family of proteins contains both pro-and antiapoptotic proteins that are important regulators of programmed cell death (2) . Expression of antiapoptotic proteins, such as Bcl-x L , serves to promote cell survival in response to multiple cellular stresses including growth factor/nutrient deprivation and genotoxic damage. In contrast, expression of proapoptotic proteins, such as Bax and Bak, is required for the efficient elimination of cells (3, 4) . Bcl-2 proteins appear to act at the mitochondria to affect cell survival (5) . Bcl-2 proteins regulate cytochrome c redistribution from the mitochondrial intermembrane space to the cytosol (2, 6) . Once in the cytosol, cytochrome c can activate caspases, which through their proteolytic activity cause the morphological features of programmed cell death (7) . The mechanism by which Bcl-2 proteins regulate cytochrome c release and cell survival has remained the topic of much debate.
It has been proposed that Bcl-2 proteins impact on cell survival pathways through their effect on metabolism and mitochondrial physiology (8) . Cells lose the ability to utilize glucose via glycolysis prior to undergoing programmed cell death (9) . Despite an inability to inhibit the metabolic changes that impair glucose utilization, Bcl-x L allows cells to maintain oxidative phosphorylation and adapt to the change in cellular metabolism. Bcl-x L may facilitate this metabolic switch by allowing the continued transport of metabolites across the outer mitochondrial membrane (10) . This hypothesis predicts that the regulation of outer mitochondrial membrane transport is critical to ensure cell survival under conditions of decreased glycolysis. All eukaryotic species with mitochondria would be expected to experience conditions where carbohydrates needed for glycolysis are limited. Therefore, this model predicts that all eukaryotic species must have evolved mechanism(s) to maintain metabolite flux across the outer mitochondrial membrane during periods of nutrient deprivation and cellular stress.
To date there have been no proteins with sequence homology to Bcl-2 discovered outside of animal species. Nevertheless, Bcl-x L demonstrates structural and functional homology to a family of bacterial pore-forming proteins in the absence of any primary sequence similarity (11, 12) . Furthermore, the regions of sequence homology that exist within the Bcl-2 family of proteins are restricted to domains that are known to mediate interactions between members of the Bcl-2 family, and with other components of the metazoan cell death machinery (5, 13) . It is possible that all eukaryotic organisms have maintained proteins that function similarly to Bcl-x L , but have evolved in the absence of other apoptotic proteins and hence lack sequence homology. Alternatively, it is possible that different eukaryotic organisms regulate mitochondrial metabolite transport by different mechanisms.
There is evidence that Bcl-2 proteins retain at least some of their functions in yeast. Expression of Bax or Bak is toxic to both Saccharomyces cerevisiae and Schizosaccharomyces pombe, and this toxicity can be rescued by co-expression of Bcl-2 or Bcl-x L even when mutations are present that prevent the physical association between pro-and antiapoptotic proteins (14 -18) . Similar to its effect on mammalian cells, Bax expression in yeast causes changes in mitochondrial membrane potential and promotes cytochrome c release from the mitochondrial intermembrane space (17) . In addition, Bax expression inhibits oxidative phosphorylation in yeast, and Bax toxicity is enhanced by yeast mutations that impair metabolite exchange across the outer mitochondrial membrane (19) . Genetic screens using S. cerevisiae have identified both yeast and mammalian genes that can suppress Bax toxicity (20, 21) , and Bcl-2 has been shown to promote long term survival of yeast cells in stationary phase cultures (22) . These studies suggest that Bcl-2 proteins, including Bcl-x L , act within a conserved pathway to regulate at least some aspects of cell biology common to yeast and animal cells.
To identify potential genes whose function can be substituted by Bcl-x L in S. cerevisiae, a genetic screen was performed. When supplied with glucose, S. cerevisiae grow by fermentation and switch to oxidative phosphorylation only when carbohydrate in the media becomes limiting (23) . This change from glycolysis to oxidative phosphorylation is called diauxic shift. Given that Bcl-x L appears to facilitate the switch from glycolytic to oxidative metabolism in mammalian cells and prevents Bax-mediated inhibition of oxidative phosphorylation in yeast, a library of yeast mutants was tested for a diauxic shift defect complemented by Bcl-x L . Several candidate mutants were identified that demonstrate a defect in growth following diauxic shift that was suppressed by the expression of Bcl-x L . Characterization of these yeast genes has the potential to improve the understanding of Bcl-x L function in cell survival.
MATERIALS AND METHODS
Yeast Strains and Plasmids-Yeast studies were performed with S. cerevisiae W303 (ade2-1 can1-100 his3-11.15, leu2-3.112, trp1-1, ura3-1) maintained on YPD or selective synthetic complete medium prepared as described previously (19) . For Bcl-x L expression, the human Bcl-x L cDNA was cloned into the pOW4 expression plasmid and transformed into yeast by standard protocols. The pOW4-Bcl-x L plasmid is a CEN plasmid containing the URA3 gene for selection and ADH1 promoter for Bcl-x L expression. Gene deletions were generated by replacing FIG. 1. Strategy used to identify genes in S. cerevisiae that can be functionally replaced by Bcl-x L . A schematic representation of the strategy used to screen S. cerevisiae for mutants that can be complemented by Bcl-x L expression. Mutants were identified that demonstrated a decreased ability to undergo diauxic shift after the Bcl-x Lcontaining plasmid was selected against using FOA.
FIG. 2.
Bcl-x L rescues a defect in diauxic shift present in tcm62⌬ and svf1⌬ yeast. A, wild-type (wt) and TCM62-deficient yeast (tcm62⌬) transformed with a Bcl-x L -containing plasmid were grown in glucose-containing media deficient in uracil (ϩBcl-x L ) or containing FOA (ϪBcl-x L ) to an A 600 of ϳ1.0 and then switched to culture in glycerol-containing media (diauxic shift). The mean optical density Ϯ 1 S.E. of each culture in glycerol-containing media is shown over time. B, wild-type (wt) and SVF1-deficient yeast (svf1⌬) transformed with a Bcl-x L -containing plasmid were grown in glucose-containing media deficient in uracil (ϩBcl-x L ) or containing FOA (ϪBcl-x L ) to an A 600 of ϳ1.0 and then switched to culture in glycerol-containing media (diauxic shift). The mean optical density (ϮS.E.) of each culture in glycerolcontaining media is shown over time. (24) . Diauxic Shift Screen-Yeast carrying pOW4-Bcl-x L were transformed with a transposon-mutagenized genomic library as described previously (25) . Briefly, 20 g of library DNA was digested with NotI overnight and used to transform logarithmically growing cells by standard lithium acetate techniques. Transformants were selected on synthetic media lacking leucine. Two independently generated pools of transposon-mutagenized yeast carrying the pOW4-Bcl-x L plasmid were cultured at room temperature overnight in liquid synthetic complete media (2% glucose) lacking uracil. These cultures were plated on solid YPEG media (2% yeast extract, 1% BactoPeptone, 3% glycerol, 3% ethanol) and grown for 2 days at 30°C. The colonies were replica plated onto synthetic complete media (2% glucose) lacking uracil and synthetic complete media (2% glucose) containing 1 mg/ml 5-fluroorotic acid (FOA). 1 After culturing overnight (less than 18 h) at 30°C, the colonies were again replica plated from both the uracil-deficient and FOAcontaining plates onto YPEG and the colony growth on these plates was scored over time. Colonies were selected for decreased growth on the YPEG replica plated from FOA when compared with the YPEG replica plated from uracil-deficient plates. The two independently generated pools of mutants were equally represented. The colonies were retested using the identical conditions of the screen.
Determining the Site of Transposon Insertion-Genomic DNA was prepared from the respective yeast strains using standard protocols and the site of transposon insertion determined by vectorette PCR as described previously (26) . Briefly, 2 g of genomic DNA was digested overnight with AluI and annealed anchor bubble primers (5Ј-GAAGG-AGAGGACGCTGTCTGTCGAAGGTAAGGAACGGACGAGAGAAGG-GAGAG and 5Ј-GACTCTCCCTTCTCGAATCGTAACCGTTCGTACGA-GAATCGCTGTCCTCTCCTTC) were ligated to the genomic DNA fragments. PCR was used to amplify the insertion site using an mTn3 library specific probe (5Ј-CGCCAGGGTTTTCCCAGTCACGA) and a probe homologous to the reverse complement of the anchor bubble sequence (5Ј-CGAATCGTAACCGTTCGTACGAGAATCGCT). The resultant PCR product was then isolated and sequenced.
Growth Assays-To measure diauxic shift in liquid culture, overnight cultures of the specified yeast were normalized and plated at an optical density measured at 600 nm (A 600 ) ϭ 0.002 in both synthetic complete media deficient in uracil and synthetic complete media containing FOA. Growth of the cultures was followed by A 600 over time and the glucose concentration in the media was measured at each time point using a commercially available kit (Sigma). When cultures obtained an A 600 of close to 1.0 (and a [glucose] Ͼ0.4 mg/dl) the cultures were washed, normalized, and plated at an A 600 ϭ 0.015 in YPEG media. Growth of the culture in YPEG was similarly followed by A 600 . To assay temperature-sensitive growth, respective yeast strains were normalized to the same A 600 and 10-fold serial dilutions were plated to YPD and YPEG solid media and cultured for 4 days as indicated.
Mammalian Cell Lines and Cell Culture-The murine interleukin-3 (IL-3)-dependent FL5.12 cell line was cultured as described previously (10) . The human prohibitin cDNA was isolated by PCR using primers 5Ј-CAGAGTGAAAGCAGGTGTGAGTGG and 5Ј-AGCATGATGGAG-GCCGTGGCCCGG. TCM62, SVF1, and prohibitin were cloned into the pSFFV-neo mammalian expression vector and transfections were car- 1 The abbreviations used are: FOA, 5-fluroorotic acid; IL-3, interleukin 3. ried out using 10 g of plasmid electroporated into 1 ϫ 10 7 cells at 960 microfarads and 250 V. Neomycin-resistant cells were selected with 1 mg/ml G418.
Mammalian Cell Death Induction-For growth factor withdrawal, cells were washed three times in media lacking IL-3 and then cultured in IL-3-deficient media for the times indicated. For apoptosis induction by chemotherapeutic agents, cells were treated with 10 g/ml etoposide, 0.1 g/ml vincristine, or 5 g/ml cisplatin as indicated. For ␥-irradiation, viability was measured after exposing cells to 20 gray using a cesium source emitting 2.86 gray/min. In all cases viability was measured at the indicated time points by propidium iodide exclusion using flow cytometry as described previously (27) .
RESULTS
To screen S. cerevisiae for genes that can be functionally complemented by a Bcl-x L gene, a S. cerevisiae strain was generated carrying a plasmid driving constitutive expression of human Bcl-x L selectable by uracil auxotrophy. The expression of functional Bcl-x L in this strain was confirmed by both Western blot and the ability to protect against Bax toxicity (data not shown). This Bcl-x L -expressing strain was subjected to insertional mutagenesis using a previously reported transposongenerated library (25) . In total, 40,000 independent gene disruptions were screened as outlined in Fig. 1 .
To screen for clones that were unable to efficiently undergo diauxic shift in the absence of Bcl-x L , the mutant yeast library was initially plated on the nonfermentable carbon source glycerol to select against mutations that would result in a petite phenotype. Petite yeast have lost genes necessary for oxidative phosphorylation and therefore have no ability to grow on a nonfermentable carbon source. Bcl-x L expression is unable to rescue the petite phenotype. Colonies able to form on glycerol were replica plated to glucose-containing media lacking uracil to select for retention of the Bcl-x L -containing plasmid, and to media supplemented with FOA to select for loss of the Bcl-x Lcontaining plasmid. After ϳ15 h, the colonies were then replica plated back to glycerol media and differences in growth were noted over time between colonies from uracil-deficient media (cells with Bcl-x L ) and colonies from FOA-containing media (cells without Bcl-x L ). Among those colonies that exhibited growth on both uracil-deficient and FOA-containing media, 134 were initially scored as exhibiting decreased growth on glycerol when replica plated from FOA media as compared with the colonies on glycerol when replica plated from uracil-deficient media. No colonies exhibited growth on FOA-containing media but not on uracil-deficient media, and the 18 colonies that failed to grow on glucose media with FOA were scored separately. These 18 colonies included mutants deficient in uracil uptake, leading to FOA lethality independent of the presence of Bcl-x L .
After retesting the 134 candidate mutants, 8 exhibited the same dependence on Bcl-x L for efficient diauxic shift. The site of transposon insertion was determined for the 8 clones and 6 were found to have insertions within an open reading frame, with the remaining 2 in noncoding DNA or ribosomal RNA sequences. None of the insertions were cloned more than once, suggesting that the screen did not saturate the genome. Of the transposon insertions within open reading frames, all were in different genes, three of which were previously identified, one of which has a proposed name, and two of which are hypothet- ical open reading frames (Table I) . Given the possible role of YDR346C in cell survival, we termed this gene SVF1 for survival factor 1.
Of the named genes, APE2, DCD1, and TCM62 have known cellular functions. APE2 encodes a metallopeptidase important for obtaining leucine from leucine-containing dipeptide substrates. DCD1 encodes a deaminase necessary for dCTP and dTTP synthesis. APE2 and DCD1 were not examined further in the current study. TCM62 encodes a mitochondrial membrane protein that has been reported to function as a chaperonin for mitochondrially encoded polypeptides, and is necessary for proper folding and assembly of several subunits of the succinate dehydrogenase complex of the mitochondrial respiratory chain (28) . The name SWR1 was proposed for YDR334W after its identification in a genetic screen for suppressors of yeast impaired in nuclear transport. Swr1 is a putative helicase related by sequence to Swi2/Snf2 that may be involved in chromatin remodeling, possibly in response to cellular stress. YOR008C-A is a very small open reading frame that includes a potential transmembrane domain. SVF1 is another open reading frame that has sequence homology with genes in other fungus species, but has no known cellular function.
To confirm that the observed defect in diauxic shift is the result of gene disruption by the transposon, strains carrying complete deletions of the genes were generated in yeast carrying the URA3 plasmid with Bcl-x L . To test for a defect in diauxic shift, wild-type and tcm62⌬ strains were cultured in glucose media lacking uracil or glucose media containing FOA until they reached an A 600 between 1.0 and 1.5. At this time point none of the cultures had reached stationary phase and all of the strains had greater than 0.4 g/dl of glucose remaining in the media (data not shown). Cells were normalized, washed, and resuspended in fresh glycerol-containing media, and growth of the culture was measured by A 600 over time. Wildtype and tcm62⌬ yeast proliferated at a similar rate in glucosecontaining media regardless of the presence of Bcl-x L (data not shown). However, when compared with wild-type yeast, tcm62⌬ yeast exhibited slower growth upon switch to glycerolbased media (Fig. 2A) . Yeast deficient in TCM62 also could not proliferate to the same density in culture as wild-type yeast following diauxic shift. Whereas Bcl-x L expression had no effect on the ability of wild-type yeast to grow in glycerol, tcm62⌬ yeast with Bcl-x L demonstrated a significant improvement in growth when compared with tcm62⌬ yeast lacking Bcl-x L . Bcl-x L expression in tcm62⌬ yeast allowed them to grow to a slightly greater density, but was unable to completely rescue this phenotype. When compared with wild-type yeast, yeast null for SVF1 also demonstrate a decreased rate of growth and grew to a lower density upon switch to glycerol-based media (Fig. 2B) . However, unlike tcm62⌬ yeast, svf1⌬ yeast expressing Bcl-x L exhibit growth comparable with wild-type. Neither swr1⌬ nor yor008c-a⌬ showed a consistent phenotype that was rescued by Bcl-x L in liquid culture (data not shown). Given that Bcl-x L was able to at least partially rescue a defect in the ability to efficiently carry out diauxic shift in tcm62⌬ and svf1⌬ yeast, these two genes were characterized further.
It has been previously reported that deletion of TCM62 results in viable cells that exhibit a partial defect in growth on a nonfermentable carbon source at higher temperatures (29) . To determine whether svf1⌬ yeast also have a temperature-sensitive growth defect on a nonfermentable carbon source, serial dilutions of wild-type and svf1⌬ yeast were spotted onto glucose-and glycerol-containing medium and cultured at either 30 or 37°C. When compared with wild-type yeast, svf1⌬ yeast demonstrated decreased growth on glycerol at the higher temperature (Fig. 3A) . Expression of Bcl-x L had no effect on the growth defect observed in svf1⌬ yeast when they were cultured on glycerol at 37°C (Fig. 3B) . When tcm62⌬ yeast were similarly tested, the growth defect on glycerol at 37°C was not rescued by Bcl-x L expression (data not shown). These data suggest that whereas Bcl-x L improves the kinetics of growth on glycerol when switched from glucose, it does not alter the end point of growth. Taken together, these data suggest that Bcl-x L expression can rescue some but not all of the functions of the genes identified in the screen.
To determine whether further study of the genes identified in this screen might lend insight into the mechanism of Bcl-x Lmediated cell survival, the ability of Tcm62 to alter cell survival in mammalian cells was examined. TCM62 was stably transfected into the IL-3-dependent murine pro-B cell line FL5.12, and viability was assessed after growth factor withdrawal. TCM62-transfected cells demonstrated a small but consistent increase in survival when compared with control- FIG. 6 . Like Tcm62, prohibitin inhibits cell death in mammalian cells following growth factor withdrawal. A, FL5.12 cells transfected with the human prohibitin gene or control vector were withdrawn from IL-3 and viability was determined by propidium iodide exclusion using flow cytometry. The mean viability (ϮS.E.) of each cell line is shown over time. B, FL5.12 cells transfected with control vector, TCM62, or prohibitin were withdrawn from IL-3 for 2 days and viability was determined by propidium iodide exclusion. The mean viability (ϩS.E.) is shown for each cell line as indicated.
transfected cells (Fig. 4A) . Bcl-x L expression has been shown to increase cell survival in response to multiple apoptotic stimuli. To determine whether Tcm62 could also improve mammalian cell survival following apoptotic stimuli other than growth factor withdrawal, control-and TCM62-transfected cells were treated with the chemotherapeutic agent etoposide or exposed to ionizing radiation. Bcl-x L expression inhibits apoptosis following either treatment (27) . In contrast to results observed following growth factor withdrawal, Tcm62 had no effect on cell survival in response to etoposide treatment or ␥-irradiation (Fig. 4B) . Similar results were obtained following treatment with cisplatin and vincristine (data not shown). These data suggest that unlike Bcl-x L , Tcm62 can improve cell survival in mammalian cells in response to some, but not all, apoptotic stimuli.
To determine whether SVF1 can substitute for Bcl-x L function in mammalian cells, FL5.12 cells were stably transfected with SVF1 or a control vector and deprived of growth factor. Expression of SVF1 inhibits cell death when compared with control cells (Fig. 5A) . To determine whether Svf1 could protect mammalian cells from cellular stresses other than growth factor withdrawal, SVF1-and control-transfected cells were treated with etoposide, vincristine, or exposed to ␥-irradiation. Svf1 inhibits cell death following treatment with each of these chemotherapeutic agents (Fig. 5, B-D) . These data suggest that Svf1 promotes cell survival in mammalian cells following a variety of apoptotic stimuli.
Svf1 has no obvious homologues in mammalian cells. However, Tcm62 is functionally analogous to prohibitin, a chaperonin found in mammals that is located in the inner mitochondrial membrane. Like Tcm62, prohibitin binds to newly synthesized mitochondrial translation products and facilitates their assembly into respiratory chain complexes (30, 31) . To confirm that the survival advantage conferred by Tcm62 was because of a physiological function of the protein, we examined the ability of prohibitin to also inhibit cell death in mammalian cells. FL5.12 cells were transfected with prohibitin or control vector and subjected to IL-3 withdrawal. Whereas the majority of control-transfected cells were dead after 2 days of growth factor withdrawal, prohibitin expression conferred increased resistance to cell death (Fig. 6A) . The ability of prohibitin to rescue cells from IL-3 withdrawal was similar to the rescue seen with TCM62 expression after 2 days of growth factor deprivation (Fig. 6B) . These data suggest that expression of mitochondrial chaperonins confers resistance to cell death following growth factor withdrawal in mammalian cells.
To verify that increased propidium iodide exclusion was accurately reflecting increased cell survival, FL5.12 cells transfected with SVF1, TCM62, prohibitin, or control plasmid were withdrawn from IL-3 for 3 days, followed by transfer into media containing IL-3. Clonogenic recovery and expansion after IL-3 withdrawal was enhanced in SVF1, TCM62, and prohibitin transfectants relative to the Neo-transfected control (Fig. 7A ).
In addition, factors that slow cell cycle progression may increase the apparent resistance of cells to apoptotic induction as measured by propidium iodide exclusion. To determine whether Svf1, Tcm62, or prohibitin affect the rate of mammalian cell proliferation, SVF1-, TCM62-, prohibitin-, or controltransfected cells were cultured continuously in exponential phase for 6 days (Fig. 7B) . The rates of cell proliferation appear to be nearly identical in all four lines: the ability of these genes to protect cells from apoptosis cannot be explained by an effect on proliferation. These observations confirm that screening S. cerevisiae for genes that can be complemented by Bcl-x L is a valid approach to gain further insight in the regulation of cell survival.
DISCUSSION
Together these data suggest that Bcl-x L has a biochemical function that is capable of partially rescuing loss of function mutations in S. cerevisiae. Despite complete genomic information for two species, yeast lack genes with primary sequence homology to caspases, Ced-4/Apaf-1-like genes, and Bcl-2. This argues that Bcl-x L has a biochemical activity that can be separated from the cell death signal transduction machinery. Whether the primary function of Bcl-x L in mammalian cells is different from the biochemical function of Bcl-x L manifested in yeast, or if the same activity is responsible for its effects on mammalian cell survival is not known.
Considerable evidence suggests that the presence of Bcl-x L affects mitochondrial physiology and the regulation of cellular metabolism (8) . Following growth factor withdrawal, Bcl-x L expression allows for continued oxidative phosphorylation and maintains cellular ATP levels despite decreased glycolysis (9) . Bcl-x L facilitates this change in metabolism by promoting the continued transport of metabolites across the outer mitochondrial membrane (10) . An explanation for these findings comes from experiments demonstrating that Bcl-x L maintains the voltage-dependent anion channel, the primary channel for metabolite transport across the outer mitochondrial membrane, in an open configuration (32) . These data have led to the hypothesis that Bcl-x L promotes cell survival by permitting continued coupling of metabolism between the cytosol and mitochondria, D.) . B, the same cell lines, in the presence of IL-3, were plated in triplicate at a cell density of 10 5 cells/ml. Cultures were diluted every 2 days to a density of 10 5 /ml to maintain exponential growth. Graph depicts total cell count Ϯ S.D.
allowing the cell to adapt to changes in nutrient availability.
The finding that Bcl-x L improves the growth of yeast deficient in a mitochondrial chaperonin supports this hypothesis. Tcm62 is a member of a class of mitochondrial chaperonins that exist in all eukaryotic cells. Proper assembly of the mitochondrial respiratory chain is a complex event that requires the aid of several molecular chaperones including Tcm62, Abc1, Bcs1, Atp10, Atp11, and Atp12 in yeast (28) . The prohibitin gene product belongs to a similar class of proteins (30) . Prohibitin was initially cloned as a tumor suppressor gene and has a known impact on replicative life span and mitochondrial membrane potential (31, 33, 34) . Whereas Bcl-x L itself is not likely to act as a chaperone, Bcl-x L may enable the mitochondria to overcome a deficit in properly folded components of the oxidative phosphorylation machinery either by enhancing mitochondrial efficiency or enhancing tolerance of mitochondrial inefficiency. Similarly, it is possible that by improving the efficiency of oxidative phosphorylation, mitochondrial chaperones facilitate survival through cellular adaptation to glucose deprivation that occurs as a result of growth factor withdrawal. In contrast to Bcl-x L , Tcm62 does not inhibit apoptosis in response to chemotherapeutic agents. This selectivity may be because of a distinct mechanism by which cells sense growth factor withdrawal and genotoxic damage, suggesting that growth factor withdrawal and genotoxic damage affect mitochondria and cellular metabolism differently.
The identification of unknown and poorly characterized genes in this screen may lend further insight into the mechanism by which Bcl-x L interacts with pathways important for responding to cellular stress. Two of the genes, SWR1 and YOR008C-A, have been identified in screens that deal with stress response. SWR1 was found in a screen for suppressors of nuclear transport mutants and may be involved in chromatin remodeling in response to stress signaling. YOR008C-A was identified in a screen in which its disruption resulted in an increased sensitivity to the mutagens diepoxybutane and mitomycin C.
SVF1 is a previously uncharacterized gene. Loss of SVF1 results in a temperature-sensitive growth defect on the nonfermentable carbon source. In addition to genes involved in mitochondrial biogenesis such as TCM62, loss of POR1, the major voltage-dependent anion channel gene in S. cerevisiae, also results in a temperature-sensitive growth defect on glycerol (35) . Loss of SVF1 also adversely affects the ability of yeast to efficiently undergo diauxic shift. Gene array studies have shown that SVF1 mRNA levels do not change significantly during the diauxic shift (23) . This suggests that the study of nontranscriptional processes is necessary to understand this metabolic transition.
Despite an ability to inhibit apoptosis in mammalian cells, SVF1 exhibits homology only to other fungal genes. All species of fungus with extensive genomic information including S. cerevisiae, S. pombe, and Candida albicans possess at least one homologue indicating that evolutionary pressure exists for conservation of the gene. The recent finding that yeast have a caspase-like activity in the absence of any proteins with sequence homology to mammalian caspases suggests that the mechanisms controlling cell survival in yeast may be more conserved than previously appreciated (36) . Similarly, it is possible that Svf1 possesses a known biochemical activity that is important for metazoan cell survival. Alternatively, Svf1 may define an as yet unknown family of proteins that facilitates adaptation to cellular stress. Further characterization of SVF1 as well as other genes found in this screen has the potential to lend insight into the evolution of metabolic regulation and cell survival pathways in both yeast and higher eukaryotes.
